Abstract Helicobacter is an economically important genus within the phylum Proteobacteria and include many species which cause many diseases in humans. With the conventional methods, it is difficult to identify them easily due to the high genetic similarity among its species. In the present study, 361 16S rRNA (rrs) gene sequences belonging to 45 species of genus Helicobacter were analyzed. Out of these, 264 sequences of 10 clinically relevant species (including Helicobacter pylori) were used. rrs gene sequences were analyzed to obtain a phylogenetic framework tree, in silico restriction enzyme analysis and speciesspecific conserved motifs. Protein sequences of another housekeeping gene, hsp60 were also subjected to phylogenetic analysis to supplement the data obtained using rrs sequences. Using these approaches, six out of ten species (including H. pylori) were easily segregated, whereas four species namely H. bilis, H. cinaedi, H. felis and Candidatus H. heilmannii were found to be heterogeneous. The above approaches have also helped in segregating unclassified sequences, thus proving them as an easy diagnostic method for identifying members of genus Helicobacter up to species level.
Introduction
16S rRNA gene (rrs) is used as a standard molecular marker and has been used extensively for characterizing microbes [1] including those that are pathogenic [2] [3] [4] . The genus Helicobacter comprises of Gram-negative, spiral shaped bacteria which are known for their high virulence and for colonising the gastric mucosa of humans. It belongs to class e-Proteobacteria and family Helicobacteraceae [5] . This genus, separated from Campylobacter [6] , comprises of more than 45 species. The pathogenic species belonging to this genus could be categorized into either gastric (that colonize the stomach) or enterohepatic (that infect the intestine and/or the liver) species [7] .
Helicobacter pylori (type species) is the most common pathogen among all the species of this genus with its infection having a global prevalence of around 50 % [8, 9] . More than 450 genomes of H. pylori have already been sequenced making it the most extensively studied species of this genus.
To diagnose the pathogenic species of Helicobacter, various laboratory methods are used for preliminary identification. Urease testing is much more rapid and less costly, but it has been found to be inaccurate in case of gastrointestinal bleeding [10, 11] . Serology for H. pylori and rapid urease tests (RUT) for non-pylori urease-positive species such as H. heilmannii, can be relatively insensitive due to the patchy nature of H. heilmannii colonization and low numbers of bacteria present when compared with H. pylori in case of RUT [12] . Polymerase Chain Reaction (PCR) and Multi Locus Sequence Analysis (MLSA) have also been employed but can produce erroneous results [13] [14] [15] . These shortcomings emphasize the need for a preliminary identification method which can supplement the existing laboratory methods. Recently novel biomarkers have been identified for rapid identification of pathogenic bacteria especially those which possess multiple copies of rrs gene [16] [17] [18] [19] [20] [21] .
Based on the comparative analysis of the rrs sequences, three molecular tools have been used to define the genetic variability among the closely related species within bacterial domain [4, 15, [22] [23] [24] [25] . In the present study as well, these tools i.e., (1) marker enzymes using in silico restriction digest of DNA, (2) phylogenetic framework tree and (3) species-specific conserved motifs have been used to define the genetic variability among the Helicobacter species. Another housekeeping gene, hsp60 has been used as the basis for phylogenetic analysis to validate the results obtained using rrs sequences. Discrepant sequences were also investigated to reduce redundancy in the database. This can improve the accuracy as well as provide a systematic approach for characterizing the strains unambiguously.
Materials and Methods

Sequence Data
Out of the 45 species reported, 10 clinically relevant species with a significant number of rrs gene sequences were considered as master species for the detailed analysis. [26] . 45 protein sequences of hsp60 (Heat Shock Protein) gene for 6 closely associated species were also downloaded from NCBI.
Phylogenetic Analysis
Phylogenetic analysis was carried out using the 16S rDNA sequences and sequences of Hsp60. CLUSTAL_X (version 2.0.11) [27] was used for aligning the sequences of each master species with Wolinella succinogenes ATCC 29543 (NR_025942) as the outgroup. Evolutionary distances were estimated by Kimura [28] using DNADIST (for rrs sequences) and PROTDIST (for Hsp60 sequences) of the PHYLIP 3.6 package [29] . The program NEIGHBOR was used to construct phylogenetic tree using neighbor-joining method and statistical analysis was carried out using SEQBOOT and CONSENSE, with 100 replicates of the data set. From each species-specific phylogenetic tree, sequences that clustered together were aligned and a consensus sequence for each clade was obtained using JAL-VIEW sequence editor [30] . The sequence close to the consensus sequence in the clade was chosen as its representative or master sequence and in total, 41 representative sequences were selected to determine the genetic variability among the Helicobacter species.
Species Specific Conserved Motifs
The online MEME (Multiple EM for Motif Elicitation) program [31] was used to find out the species specific signature sequences or motifs. In order to obtain maximum number of motifs, the default setting was modified from 3 to 20 motifs, with the width ranging between 30 and 50 nucleotides. The uniqueness of each motif was checked using BLASTN search against NCBI database.
In-Silico Restriction Enzyme Analysis
Restriction pattern was obtained for the 10 master data sets using www.biophp.org. Uniqueness of a restriction enzyme for a particular species was investigated.
Results
In the present study, 264 16S rDNA sequences of genus Helicobacter were analyzed to construct a phylogenetic framework, to identify species-specific conserved motifs and for in silico RE analysis.
Phylogenetic Framework Generation
96 rrs sequences of H. pylori were considered in the present analysis. All but 2 of the total 96 strains were found to be distributed into 10 distinct clades in the phylogenetic tree for H. pylori (Fig. S1) . Each clade consisted of 6-13 strains with bootstrap ranging from as low as 2 to as high as 100. Similar analysis was done on other species as well (Figs. S2-S10 ) and many low bootstrap values were observed in species specific trees (except for H. macacae, H. hepaticus and H. cetorum) indicating high level of heterogeneity within the species. Representative sequences were selected from each species tree that could define the range of genetic variability present in rrs sequences. A total of 41 such sequences were selected for constructing a phylogenetic framework tree (Fig. S11) . The phylogenetic framework showed clear segregation of all the species except H. bilis & H. cinaedi and H. felis & Candidatus H. heilmannii.
Validation of Framework Tree
The phylogenetic framework was validated with the data sets of 10 species to check the credibility of the constructed framework. New phylogenetic trees for each species were constructed by using the framework as well as species specific sequences as the input sequences (Fig. 1) . Except for a few, strains of all the species were observed to form distinct clusters with their own master sequences in their validation tree (Figs. S12-S20). This proved the validity of the framework for identification of uncharacterized Helicobacter strains.
Sequences of species like H. felis & Candidatus H. heilmannii and H.bilis & H. cinaedi were found to show heterogeneity in their respective validation trees by clustering with each other (Figs. S12, S13, S15 & S17). Whereas species like H. pullorum & H. canadensis and H. pylori & H. cetorum were clearly separated by distinct yet adjacent clades (Figs. 1, S14 , S19, S20).
Classification of Uncharacterized Helicobacter Strains
119 of uncharacterized species that were previously identified up to genus level were downloaded from RDP. For this, all these sequences along with those of the framework were used to generate new trees (Fig. 2a, b) . Out of 119 sequences, 22 were found to clearly segregate with 7 Helicobacter framework species. Among these 22 sequences, 6 were clustered with H. cinaedi, 8 with H. pylori, 4 with H. bilis, 1 with Candidatus H. heilmannii, 1 with H. cetorum, 1 with H. macacae and 1 with H. pullorum (Table S1 ).
Validation Using Another Housekeeping Gene, Hsp60
To supplement the results of rrs gene analysis, 45 Hsp60 (heat shock protein) sequences (as per their availability in the database) were analyzed for 8 species (depending upon the availability of sequences). The phylogenetic tree b Fig. 2 constructed with Campylobacter coli (AAX19049) as the outgroup was found to be homogenous (Fig. S21) .
In Silico Restriction Analysis
In the present study, 624 restriction enzymes (REs) were analyzed for the 16S rDNA sequences. Out of the 624 REs analyzed, 72 REs (including isoschizomers) were found to be unique in distinguishing 6 out of the 10 master data sets (H. pylori, H. cinaedi, H. felis, H. canadensis, H. macacae and Candidatus H. heilmannii) from each other (Table 2) . However, no unique REs could be found for the remaining 4 species, namely, H. bilis, H. cetorum, H. hepaticus and H. pullorum.
Nucleotide Signature Analysis
Unique motifs or nucleotide signatures were found for 6 species, namely, H. cinaedi, H. hepaticus, H. cetorum, H. macacae, Candidatus H. heilmannii, H. pylori (Table 3) considered for the present study. The validation of the uncharacterized sequences was done using motifs that were found to segregate with particular framework.
Discussion
In the present study three molecular tools, i.e., phylogenetic framework, patterns of in silico RE of DNA and species-specific conserved motifs were employed using rrs gene sequences representing 10 species of genus Helicobacter, including H. pylori. The phylogenetic framework proved to be a powerful tool for investigating the classification of Helicobacter. 6 species (except for H. cinaedi, H. bilis, Candidatus H. heilmannii and H. felis) were found to form distinct clades. H. cinaedi was found to cluster with H. bilis indicating high genetic similarity between the two. Similarly, low genetic variability could be suggested between Candidatus H. heilmannii and H. felis as their strains were found to cluster with each other. Closely related species such as H. pullorum & H. canadensis were found to form distinct yet adjacent clades. Phylogenetic trees were constructed for each species to validate the framework. Segregation was distinctly observed between most species except for H. cinaedi and H. bilis; and Candidatus H. heilmannii and H. felis. Species, H. felis and Candidatus H. heilmannii were previously reported to show heterogeneity [32] . Similar observations were Along with the framework sequences, 119 uncharacterized sequences were used as input to generate 2 other phylogenetic trees. 22 out of a total of 119 strains could be distributed into 7 Helicobacter species. Many of the uncharacterized strains did not cluster with the species under study. These unclustered sequences could belong to novel species or the remaining 35 that could not be considered in the present analysis.
For in silico RE analysis, 624 restriction enzymes were used out of which, 72 REs (including isoschizomers) were found to be unique for 7 species. Morphologically similar H. felis & Candidatus H. heilmannii and H. cinaedi & H. bilis that were found to cluster with each other could be segregated on the basis of their unique REs. H. canadensis could be distinguished from its related species, H. pullorum by using the marker enzymes found for the former.
Using the online MEME program, 30-50 nucleotide signatures were analyzed for each species. Unique motifs could be deduced for 6 species using BLASTN. These include both H. cinaedi and Candidatus H. heilmannii that were found to be heterogeneous with H. bilis and H. felis respectively in the framework and their respective validation trees. Both these techniques i.e. in silico restriction enzyme analysis and species specific motifs were found to be instrumental tools that could validate the results of the phylogenetic analysis as well as supplement it. While all the sequences considered in this study were scrutinized using the above three tools, some sequences were found to produce results that were unexpected according to their classification.
The hsp60 gene (GroEL, chaperonin) is a potential phylogenetic marker as it is ubiquitous and conserved in nature [35] . Sequences of the Heat Shock Protein-Hsp60 underwent phylogenetic analysis to supplement the results obtained using rrs gene (Fig. S21) . Species that were found to be heterogeneous-H. cinaedi, H. bilis, Candidatus H. heilmannii and H. felis were clearly segregated using this housekeeping gene though they were found to form adjacent clades. H. pullorum was found to act as an outgroup to H. canadensis supporting possible evolution of the latter from the former [34] . The entire study proved to be useful in characterizing sequences belonging to respective species of Helicobacter, including the most dreadful one, H. pylori.
Conclusion
In the present study, the reliability of the widely acknowledged and highly conserved gene, 16S rDNA was scrutinized using molecular tools and Helicobacter as the model organism. The three tools namely, the phylogenetic framework, species specific restriction enzymes and nucleotide signatures based on the conserved rrs gene were found to be reliable, effective and aided in (1) preliminarily identifying characterized as well as uncharacterized strains of Helicobacter and (2) suggesting incorrect classification of some strains in the database so as to reduce its redundancy. Phylogenetic analysis of rrs was found to be quite reliable for identification of six pathogenic species of Helicobacter. Difficulty in the investigation for unique restriction enzymes and nucleotide signatures indicated the high genetic similarity among these species. But these tools were found to be highly successful in discriminating H. pylori from its other relative species.
Hsp60 was found to be a reliable marker and was found to segregate four species (that were found to be heterogeneous using rrs gene) quite clearly. With the availability of 
